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Abstract

A comparative study of different modeling approaches

for predicting sandwich panel buckling response is

described. The study considers sandwich panels with

anisotropic face sheets and a very thick core. Results

from conventional analytical solutions for sandwich

panel overall buckling and face-sheet-wrinkling type

modes are compared with solutions obtained using

different finite element modeling approaches. Finite

element solutions are obtained using layered shell

element models, with and without transverse shear

flexibility, layered shell/solid element models, with shell
elements for the face sheets and solid elements for the

core, and sandwich models using a recently developed

specialty sandwich element. Convergence characteristics

of the shell/solid and sandwich element modeling

approaches with respect to in-plane and through-the-

thickness discretization, are demonstrated. Results of

the study indicate that the specialty sandwich element

provides an accurate and effective modeling approach

for predicting both overall and localized sandwich panel

buckling response. Furthermore, results indicate that

anisotropy of the face sheets, along with the ratio of

principle elastic moduli, affect the buckling response

and these effects may not be represented accurately by

analytical solutions. Modeling recommendations are

also provided.

Introduction

The increased performance requirements of future

aeronautical and aerospace vehicles, and the projected

increased demand for air travel, suggest that more

efficient aeronautical and aerospace flight vehicle

concepts are needed. An example of a revolutionary

concept for an efficient, large transport aircraft is a

blended-wing-body type (BWB) of aircraft, which

blends the wings and fuselage into a single lifting

surface. Due to the shape of the BWB airplane, the

pressurized centerbody region, which includes both the

passenger area and the cargo area, is non-circular. The
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non-circularcenterbodyregionischallengingfromthe
standpointof structuraldesignsincethebasiccover
panelstructurecarriesbothinternaltransversepressure
loadandnormalwingbendingandtorsionloads.In
order to satisfy the performanceand weight
requirementsfortheBWBaircraft,andotheradvanced
conceptsthataresubjectedto bendingor pressure
loadings,advancedsandwich-typeconstructionswith
compositematerialfacesheetsandrelativelythickcores
(seeFigure1)offerapotentialdesignadvantageover
conventionalmetallicmaterialsandstiffenedskin
construction[1].

Mostsandwichstructuresaredefinedusingathree-layer
typeof construction,asillustratedin Figure1. The
outerlayersarethin,stifthigh-strengthmaterial;while
themiddlelayerisathick,weak,low-densitymaterial.
Initialanalyticalworkonsandwichstructurestreatedthe
three-dimensionalsandwichstructureasa pair of
membranefacesheetsheldapartbyacorematerialwith
arelativelylargetransverseshearstiffness.Thebending
stiffnessof thefacesheetsis ignoredandthecoreis
assumedtobeinextensionalinthetransversedirection
andhasnegligiblestiffnessin thein-planedirections.
Thistypeofmodel,calledasandwichofthefirstkind,
hasbeenappliedsuccessfullyin manyapplications.
However,a morerobustformulationwithadditional
fidelityisneededtomodelcomplexnonlinearstructural
behaviorincludinglocalfailuressuchasface-sheet
bucklingandface-sheetdisbond.A sandwichof the
secondkindaccountsfortheout-of-planeresponseof
thefacesheetsandthefullthree-dimensionalbehavior
ofthecorematerial.

Earlyanalysisworkformetallicsandwichstructures
includesPlantema[2], anddesignguidelinesfor
sandwichstructuresaregivenin Ref.[3]. General
instabilityandface-sheetwrinklingaredescribedby
BensonandMayers[4]. Oneaspectoftheirworkwas
relatedto definingastabilityboundarybetweenface-
sheetwrinklingandgeneralinstability.Researchers
havealsostudiedtheanalysisof sandwichstructures
withemphasisontheuseof compositematerialface
sheetsandfoamcores.Finiteelementformulationsfor
sandwichpanelsare reviewedby Ha [5, 6].
Displacement-basedformulationsand hybrid
formulationsareconsideredaswellasdifferentthrough-
the-thicknesskinematicmodels.Nonumericalstudies
arepresented.Frostig[7] investigatedsandwichpanel
bucklingusingahigher-ordertheorywhichaccountsfor
differentboundaryconditionsontheupperandlower
facesheets.Usingaclosed-formsolution,hestudiedthe
influenceonbucklingof differentboundaryconditions
forvariouspanelaspectratiosandforbothsoftandstiff
cores.Tessleret al. [8] present a {1,2}-order theory

accounting for transverse shear and normal stresses and

strains. They present linear stress solutions for

thermally loaded, simply supported sandwich plates

with laminated face sheets using an analytic, closed-

form solution. Vonanch and Rammerstorfer [9]

presented a Rayleigh-Ritz solution for face-sheet

wrinkling of general unsymmetric sandwich panels with

orthotropic face sheets. Comparison of their analytical

results with unit-cell three-dimensional finite element

results is used to verify their approach.

Bert [10] summarized different theories for sandwich

plates with laminated composite face sheets that account

for both transverse shear and transverse normal effects.

Noor et al. [11] presented an exhaustive reference list

(over 1300 citations) of analytical and computational

proceduJces for sandwich structures. Librescu and Hause

[12] presented a further survey and extended the

formulation to include buckling and postbuckling

response of flat and curved sandwich structures

subjected to mechanical and thermal loads. A Rayleigh-

Ritz procedure for simply supported sandwich plates

was developed by Rao [13] where the bending stiffness

of the face sheets was ignored. Kim and Hong [14]

extended Rao's work to account for the face-sheet

bending stiffness. Hadi and Matthews [15] presented a

Rayleigh-Ritz procedure based on a zigzag theory and
accounts for shear deformation in the face sheets.

Comparisons with other Rayleigh-Ritz solutions were

presented for sandwich panels with thin face sheets.

Results are reported for different face-sheet stacking

sequences. Dawe and Yuan [16, 17] presented a finite

strip formulation using B-splines for sandwich panels

with anisotropic face sheets. However, no comparative

numerical studies of different finite element modeling

strategies for predicting the buckling response of

sandwich panels have been identified in the literature.

The present paper describes the basic buckling behavior

and response of sandwich panels loaded in axial

compression and compares buckling predictions for

various levels of finite element modeling fidelity.

Buckling results obtained from approximate analytical

expressions are also compared with buckling results

obtained from the finite element analyses. Different

finite element models of the sandwich panel are

considered including layered shell models, specialty

sandwich element models, and layered shell/solid

models. Numerical results obtained using the STAGS

(STructural Analysis of General Shells) nonlinear finite

element code [18] for the three different finite element

modeling approaches are presented for selected

sandwich panel design parameters. Parameters varied in

the study include the face-sheet thickness and the core

thickness as well as modeling fidelity. Particular

attention is given to examining the buckling behavior for

a specific panel aspect ratio, as the core thickness
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becomeslarge.Theresultspresenteddemonstratethe
interplaybetweenfiniteelementmodelswithdifferent
levelsof fidelityandthemodelingrequirementsfor
accuratepredictionof sandwichpanelbuckling
response.Generalmodelingguidelinesareprovided.

Sandwich Panel Buckling

Sandwich panel buckling involves several possible

modes. Three buckling modes are considered in this

study. One mode is an overall panel buckling mode or

general instability mode where the face sheets and the

core buckle together into long wavelength buckles - long

in the sense that the length of a half-wave is equal to one

of the planar dimensions of the sandwich panel.

Another possible buckling mode consists of short

wavelength buckles where the face sheets and the core

do not exhibit any transverse extension through the

thickness of the sandwich. This mode is a short

wavelength panel-buckling mode, and is commonly

referred to as an asymmetrical wrinkling mode. Another

short wavelength buckling mode is one where the core

material is either stretched or compressed. This mode is

a short wavelength Jitce-sheet-wrinkling mode, and is

referred to as a symmetrical wrinkling mode. Other

sandwich panel failure modes, such as face-sheet

dimpling, core crushing, and face-sheet disbond, are not

included in the present study.

Analytical predictions of overall sandwich panel

buckling often ignore the bending stiflhess of the core

and assume that the core serves primarily to move the

face sheets away from the midsurface of the panel. A

simple approach for predicting overall panel buckling of

a sandwich panel with homogeneous, isotropic face

sheet and core materials loaded by in-plane compression

and with simply supported conditions on all edges is

presented by Brush and Almroth [19]. Vinson [20]

developed an analytical model that includes the effects

of shear deformation for predicting overall panel

buckling of composite sandwich panels with orthotropic

face sheets. This model, incorporated into PANDA2

[21], is used herein as the analytical model for general

instability and local face-sheet wrinkling predictions.

Buckling loads for general and face-sheet-wrinkling

instabilities are computed for a given sandwich

configuration to determine the minimum buckling load

and the critical buckling mode shape for the sandwich

panel. Parameters having a significant influence on the

buckling response are the face-sheet thickness, tj; the
core thickness, he, and the core shear stiffness, Gc as

well as the panel planar dimensions a and b.

Researchers, such as Allen and Feng [22], have derived

non-dimensional parameters to characterize the

structural response of the sandwich panel. These

parameters can be used to guide an analyst in selecting a

modeling fidelity for sandwich panel buckling analyses.

Finite Element Modeling

Sandwich panel finite element modeling has generally

taken one of three approaches depending on panel

geometry and constituent materials. The buckling

behavior of a sandwich panel is dependent on the

sandwich panel geometry and properties and may

involve a general instability mode, a local instability

mode, or an interaction between the two. Accurate

prediction of general or overall instability modes

requires adequate representation of the sandwich

stiflhesses whereas prediction of local instabilities

requires detailed through-the-thickness modeling. The

first modeling approach exploits standard shell finite

elements. These models are referred to herein as layered

shell models, and for thin sandwich panels may provide

a first approximation of the global behavior. The second

approach uses standard shell finite elements for the face

sheets and solid three-dimensional finite elements for

the core. These models are referred to as layered

shell/solid models and provide a modeling approach for

both general and local response predictions. The

accuracy of this approach, as well as its computational

cost, is related to the through-the-thickness modeling of

the core material. The third approach is a full three-

dimensional finite element model, in which solid three-

dimensional elements are used to model both the face

sheets and the core. These models are referred to as

three-dimensional solid models and they are typically

reserved for detailed local modeling because of their

computational cost. Recently, an additional modeling

approach has been implemented in the STAGS nonlinear

finite element code. This modeling approach, referred to

herein as sandwich element models [18, 23], uses a

specialty element developed specifically for the analysis
of sandwich structures. Sandwich element models

embody the kinematics and stiflhess of the sandwich

structure for less computational cost than the layered

shell/solid models. Sandwich element models provide a

cost-effective analysis approach for capturing sandwich

behavior for large-scale sandwich structure simulations

as well as for detailed local analyses. Details for these

modeling approaches are described in the next sections.

Layered Shell Models

Layered shell models exploit the existing plate and shell

finite element analysis features available in most finite

element codes. The sandwich panel is modeled using
two-dimensional shell elements with at least three

groups of layers. The first group of layers corresponds

to the laminate of one face sheet. The next group of

layers corresponds to the core material, and the last

group of layers represents the laminate of the other face
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sheet.Thisapproachgivesanequivalentsingle-layer
resultusingclassicallaminationtheorytocomputethe
sandwichstiffnesscoefficients.Inthismodelalllayers
havea common,uniquerotationthroughthecross
sectionof thesandwich.Becausethecorematerial
generallyonlyoffersshearstiffness,shear-flexibleCo
shellelementsaretypicallyusedinlayeredshellmodels.
ShellelementsbasedontheclassicalKirchhoff-Love
theory(C1shellelements)canbeused;however,such
anapproachignoresthetransverseshearflexibility
offeredbythesandwichstructure.WithinSTAGS,the
4-nodeC1shellelementiscalledthe410element(see
[24])andthe9-nodeANSCoshellelementiscalledthe
480element(see[25,26]).Fullintegrationisusedfor
bothshellelements(i.e.,2x2and3x3,respectively).
Finiteelementformulationsforsandwichpanelsbased
onhigh-ordertheories,suchasFrostig[7]andTessleret

al. [8], are not available within STAGS and hence not

included in this study.

Layered Shell/Solid Models

The next level of modeling uses shell elements to model

each individual face sheet and solid elements to model

the core material. These models are referred to herein as

layered shell/solid models. Each face sheet may be a

multi-layer laminate and is modeled using shell

elements, while the core is modeled using solid

elements. Multiple solid elements through the core

thickness may be required to represent the core

deformation accurately. Displacement-field

compatibility between the shell element and the solid

element must be considered during the modeling

process. For example, the use of 4-node C 1 shell

elements for the face sheets with an 8-node solid

element leads to an incompatibility for the normal

displacements. Lagrangian shell elements based on a C o

formulation, used with standard solid elements of the

same order, give displacement-field compatibility for the

translational degrees of freedom. Combinations of the

4-node, 8-node or 9-node C o shell element with the 8-

node, 20-node or 27-node solid element, respectively,

give translational displacement compatibility. Within

STAGS, the compatible set of shell and solid elements

are the 9-node ANS C o shell element (480 element) and

the 27-node ANS C o solid element (883 element). Full

integration is used for both the shell and solid elements

(i.e., 3x3 and 3x3x3, respectively). For the layered

shell/solid models, the shell element reference surface is

defined to coincide with the bounding surface of the

adjacent solid element. In addition, the rotational

degrees of freedom of grid points associated with the
core and not connected to the shell elements of the face

sheets are constrained to zero.

Sandwich Element Models

A specialty finite element for sandwich panel analysis

has been formulated by Riks and Rankin [23] and is

described in the STAGS manual [18]. This specialty

element exploits the existing shell finite element

technology available in the finite element code itself.

The deformation of the face sheets is modeled by using

individual shell elements for each face sheet. Coupling

between the two shell elements is carried out by

applying an appropriate penalty function, consistent with

the material behavior of the core, to enforce the

kinematics of the core as a function of the kinematics of

the face sheets. The core is assumed to have generally

anisotropic three-dimensional elastic properties whose

deformation is defined by the change in distance

between adjacent face sheets. For this special sandwich

element, the face sheets are intrinsically modeled using

the standard STAGS 410 quadrilateral shell elements.

Multiple sandwich elements may be stacked through the

thickness of the core to provide a refined through-the-

thickness discretization of the core material wherein the

intermediate face sheets are treated as "phantom" face

sheets with zero thickness. Between adjacent face

sheets, the transverse shear strain varies linearly with the
thickness coordinate and the transverse normal strain is

constant. The number of integration points through the
core thickness of each sandwich element can be chosen

to be either one or two depending on whether a spurious

mode is triggered by the boundary conditions in the face

sheets. Stifler results are generally obtained when two

integration points are used. Within STAGS, this

specialty sandwich element is called the 840 element

[18, 23]. This modeling approach provides a

computationally attractive approach for sandwich panel

analysis for large-scale structures and also provides a

capability to assess detailed response characteristics

using a local strip model.

Numerical Results and Discussion

The basic geometry of the sandwich panels analyzed in

this study is defined in Figure 2. The upper and lower

face sheets are identical. Analytical predictions are

made following the approach of Vinson [20] as

implemented in PANDA2 [21]. Finite element analyses,

using the STAGS nonlinear finite element analysis code

[18], are conducted using layered shell models, layered

shell/solid models, and sandwich element models. The

layered shell models use the 4-node C a 410 shell

element and the 9-node ANS C O 480 shell element. The

finite element approximation for the out-of-plane

displacement is cubic for the 4-node element and

quadratic for the 9-node element. For the layered

shell/solid models, the face sheets are modeled using the
9-node ANS 480 shell element and the core is modeled
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usingthe 27-nodeANS883solidbrickelements
throughits thickness.Thisapproachprovidesa
compatibledisplacementfield betweenthe finite
elementsinthefacesheetsandthoseinthecore.Forthe
sandwichelementmodels,the840sandwichelements
[18,23]areusedthroughthecorethickness.

Fullpanelmodelsaredefinedasfiniteelementmodels
oftheentiresandwichpanel.Spatialdiscretizationofthe
full panelis relatedtotheanticipatedbucklingmode.
Thus,someknowledgeofthepanelbucklingresponseis
neededtodevelopthesefullpanelanalysismodels.For
arectangularpanel,thenumberofhalf-waves,m, along

the panel length in a general-instability panel-buckling

mode is a function of the panel aspect ratio a/b,

assuming a single half-wave across the width of the

panel. Generally, five to six grid points per half-wave

are required for accurate buckling predictions. To

capture a face-sheet-wrinkling mode, the finite element

mesh needs to be sufficiently refined to represent short-

wavelength buckles.

Local strip models are defined as finite element models

of a localized region with significant through-the-

thickness modeling detail so that short wavelength

wrinkling modes can readily be detected. A local strip

model is used to verify short-wavelength face-sheet-

wrinkling behavior predictions obtained with the full

panel models. Local strip models represent a thin

longitudinal slice of a panel away from edge effects. In

the present study this strip model has a width equal to

2.54 mm and has 25 layers of sandwich elements

through the core thickness. One integration point is

used through the thickness of each core layer. The

length of the local strip model depends on the

wavelength of the buckling mode. Therefore, several

local models, with different lengths, are analyzed to

ensure that the lowest buckling load is determined.

Numerical results for two cases are presented. The first

case considers a square sandwich panel with single-layer

orthotropic face sheets and an isotropic core. This case

studies the influence of different modeling approaches

and boundary condition applications on the buckling

response predictions for a given sandwich configuration

loaded in uniaxial compression. The second case

considers a rectangular sandwich panel with isotropic

face sheets and an isotropic core. This case examines

the influence of different modeling approaches on the

buckling response predictions for sandwich panels with

different core thickness and face-sheet thickness.

Case 1: Square Sandwich Panel

Several researchers [13-15, 17] have analyzed the

buckling, under uniaxial compressive stress, of a simply

supported 225-mm square sandwich panel (a/b 1) with

identical single-layer orthotropic face sheets of a given

fiber orientation angle and isotropic core. The face

sheets have thickness tf equal to 0.2 mm and the core has

thickness hc equal to 10 mm (hJa 0.044). The

mechanical properties of the face-sheet material are:

E1 229.0 GPa, E2 13.35 GPa, G12 5.25 GPa and

v12 0.315 (i.e., E2/E1 0.058). Core material data are

given in Table 1. The fiber orientation of the face-sheet

material is varied from zero to ninety degrees where the

zero-degree orientation is parallel to the loading

direction. For fiber orientation angles other than 0- and

90-degrees, the face sheets exhibit anisotropic behavior

and the D16 and D26 bending stiffness terms become

nonzero and large relative to the other bending stiffness

terms. Consequently when the D16 and D26 bending

stiffness terms become nonzero, the buckling mode

shapes may become skewed, relative to the loading axis

with non-straight modal node lines. In addition, as the

face-sheet fiber-angle orientation increases, the number

of half-waves in the general-instability mode increases.

These complexities in the buckling mode shape impose

additional modeling requirements on the analysis

models over those required for the analysis of a panel

without anisotropic effects.

The sandwich panel is loaded by a uniform end

shortening, Uo, applied to the entire loaded edge (Edge 1

or x 0 in Figure 2). The in-plane pre-buckling stress

state has uniform stress in the longitudinal direction, and

the other two in-plane stress components are equal to

zero. To achieve this pre-buckling stress state, the

boundary conditions applied in the finite element

models to all grid points along each edge are:

u=u oandw=O x=Oy=O z=0 along Edge 1 (x 0);

w=0 x=0y=0 z=0 along Edges 2 and 4 (y b and

y 0, respectively); and u w = 0x = 0y = 0 z = 0

along Edge 3 (x a). In addition, a point at the center of

the panel has the transverse displacement v set equal to

zero to remove rigid-body motion. These boundary
conditions result in a uniform stress state in the face

sheets.

Having established a uniform uniaxial stress state,

boundary conditions for the buckling analyses are

defined next. All nodes through the thickness along the

four edges of the sandwich panel are simply supported

for the buckling calculations. These buckling boundary

conditions are:V w = 0_ = 0 along Edges 1 and3

(x 0 andx a, respectively); and, u = w = 0y = 0

along Edges 2 and 4 (y b and y 0, respectively). For

the layered shell modeling approach used in the present

study, these simply supported boundary conditions are

straightforward to impose on the finite element model.

However, for the layered shell/solid modeling approach
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and the sandwichelementmodelingapproach,
independentapproximationsmaybemadefor the
bendingrotationsofeachfacesheetandcore.Inthese
approaches,thesimplysupportedboundaryconditions
aredefinedsothatsheardeformationsarepreventedin
thecross-sectionalplanesalongthepaneledges[15].
Forthe sandwichelementmodelingapproach,the
simplysupportedboundaryconditionsforbucklingmay
beimposedusingrigidlinks(multi-pointconstraints),
alongtheboundaries,thattiethelowerfacesheettothe
upperfacesheet similartothekinematicsrelationsof
classicalplatetheory whenthepre-stressloadingisan
appliedin-planeforceandwhenconstraintsare
employedtoimposeuniformendshortening.Forthe
bucklingcalculations,thedegreesoffreedomassociated
withtheend-shorteningresponsearepermittedto be
free. Formodelswithmultiplesandwichelements
throughthe corethickness,boundaryconditions
imposedalongthepaneledgesat intermediateor
"phantom"facesheetsarethesameasthoseimposedon
theboundingfacesheets.

Resultsof a convergencestudyconductedusingthe
sandwichelementmodelingapproachto predictthe
bucklingresponseofasquaresandwichpanelwitha30-
degreeface-sheetfiberorientationangleareshownin
Figure3. Theopensymbolsondashedlinesdenote
resultsobtainedusingmodelswithoneintegrationpoint
(IP)throughthethicknessofthesandwichelement,and
thefilledsymbolsonsolidlinesdenoteresultsobtained
usingmodelswithtwointegrationpoints.One,two,
four,andeightlayersof sandwichelementswere
analyzedformesheswithdifferentlevelsof in-plane
discretization.Thepredictedbucklingloadsare
normalizedbythesolutionobtainedusingthelayered
shell/solidapproachwithfoursolidelementsthrough
thecorethicknessanda25x25planarmeshof nodes
(i.e.,thebucklingloadusedin thenormalizationis
340.0N/mm).Thissolutionobtainedusingthehighest
fidelitymodelis referredto hereinasthereference
solutionandisdenotedinFigure3bythe"x" symbolon
asolidline.HadiandMatthews[15]reportedavalueof
467.8N/mm,andYuanandDawe[17]reportedavalue
of 382.6N/mm. HadiandMatthews[15] useda
Rayleigh-Ritz solution with trigonometric
approximationsforthein-planevariationandazigzag
theorythroughthethickness.Theirresultsgivea
bucklingsolutionstiflerthanthepresentsolutiondueto
implicitboundaryconditionsfromthedisplacement
fieldapproximations.YuanandDawe[17]usedafinite
stripsolutionwithB-splineapproximationsforthein-
plane variationand the through-the-thickness
approximationsfor the in-planedisplacementsare
quadraticandtheout-of-planedisplacementsarelinear.
Theirresultsaremuchimprovedduetotheirtreatment
of theboundaryconditions,yetstill stiflerthanthe

presentreferencesolutionthat usesa piecewise
quadraticapproximationthroughthecorethickness.

Thepredictedbucklingmodeshapeis a general-
instabilitymodewithaskewedsinglehalf-waveinboth
thex and y directions. As the number of grid points

along each edge of the panel increases, the normalized

buckling load converges from above, for all levels of the

through-the-thickness discretizations and planar

discretizations. In addition as the number of sandwich

element layers increases, the convergence trends are

well behaved, consistent, and approach the reference

solution. The buckling load predicted using eight layers

of sandwich elements is 5% higher than the reference

solution obtained using the layered shell/solid approach.

As the number of sandwich layers used to model the

core thickness increases, the results are less sensitive to

the number of integration points used through the
thickness of each sandwich element. Use of one

integration point gives a more flexible solution than the

solution obtained using two integration points.

However, when using one integration point, it is

possible in some situations to trigger a spurious mode.

In such cases, two integration points should be used.

Results of the present analysis approach, of Hadi and

Matthews [15], and of Yuan and Dawe [17], expressed

in terms of the in-plane stress resultant, are shown in

Figure 4 as a function of the fiber orientation in the face

sheet. The present results were generated using a full

panel model with 25 grid points in each planar direction.

These 625 grid points were used to define a finite

element mesh of either 576 4-node quadrilateral shell

elements or 169 9-node quadrilateral shell elements.

Results of the present analysis are presented for layered

shell models with and without shear deformation,

layered shell/solid models, and sandwich element

models. The results shown in Figure 4 indicate that the

layered shell finite element models are stifler and

predict higher buckling loads than the layered shell/solid

finite element model (reference solution). The results

shown in Figure 4 indicate that the layered shell model

without shear deformation (410 element models)

provides a much stifler solution (higher buckling loads)

than the layered shell model with shear deformation

(480 element models) and the buckling load decreases as

the fiber angle increases from zero (results indicated by

filled symbols). Results for the layered shell model with

shear deformation (480 element models) indicate a more

flexible solution (open symbol results) than that

obtained using the 410 element. Results obtained for the

sandwich element model (840 element models) with

rigid links along the boundary edges, denoted by the "x"

symbol, indicate a response similar to that predicted

using a layered shell model with shear deformation. The

rigid links impose classical plate theory kinematics

6

American Institute of Aeronautics and Astronautics



alongthe boundarieswhile internallythe shear
flexibilityof thecorematerialis includedin the
simulation.Thebucklingloadisnearlyconstantuptoa
fiberangleof30degreesandthendecreasesasthefiber
anglesincreasesfuxther.

Theresultsshownin Figure4 indicatethatall finite
elementmodelsof thepresentstudyandtheanalysis
approachofYuanandDawe[17]predictamaximum
bucklingloadwhentheface-sheetfiberorientationangle
equalszerodegreesanda progressivedecreasein
bucklingloadoccursasthefiberorientationangle
increases.HadiandMatthews[15]andadditional
earlieranalyses[13,14]usingaRayleigh-Ritzapproach
withtrigonometricapproximations,however,predict
thatthebucklingloadincreaseswithincreasein the
face-sheetfiberanglefrom0-degreesupto40-degrees.
Thenthebucklingloaddecreasesrapidlytothebuckling
load value for the 90-degreecasewhich is
approximatelyhalfthebucklingloadvalueforthe0-
degreecase.Thistrendissimilartothetrendobtained
for a laminatecompositeplatewithanaspectratio
greaterthanone(e.g.,AshtonandWhitney[27]).
However,for a squareplatewith thesematerial
properties,thebucklingloaddecreasesasthefiberangle
increases.YuanandDawe[17]reporta decreasein
bucklingloadwithanincreasein fiberangleforthe
squaresandwichpanelunderconsiderationandindicate
thatRayleigh-Ritzsolutionsbasedontrigonometric
seriesoverlyconstrainthepanelasmaterialanisotropy
increases.Doublesine-seriessolutionsforfinitepanels
withsimplysupportedboundaryconditionsandhaving
symmetriclaminatesgiveriseto artificialderivative
boundaryconstraintsthatpreventconvergenceto the
correctsolution[28,29]. StoneandChandler[29]
reportthatbucklingloadswillbeoverestimatedandmay
contributetomisleadingtrendsorconclusions.

All finiteelementresultsfromthepresentstudyindicate
thesamebucklingmodeshape(generalinstability)for
anyface-sheetfiberorientation.Initially (0-degree
case)themodeshapeinvolvesonlyonehalf-wavein
bothdirections.Astheangleincreases,thebuckling
modeshapebecomesskewedandtendsto followthe
fiberangle.At approximately60degrees,theskewed
modeshapehastwolongitudinalhalf-wavesandone
transversehalf-wave.Thispatternbecomeslessskewed
astheface-sheetfiberangleapproaches90degrees.In
Figure5,contourplotsoftheout-of-planedisplacement
componentofthebucklingmodeshapeareshownto
illustratethiseffectfordifferentface-sheetfiberangles.

Theeffectoffiberangleonthebucklingresultsobtained
usingthesandwichelementmodelingapproachis
showninFigure6. Resultsareshownforallmodels
usingoneandfoursandwichelementsthroughthecore

thicknesswitheachsandwichelementhavingoneortwo
integrationpointsin thethicknessdirection(openand
filledsymbols,respectively).Thefiniteelementmodels
of thefull panelhave25gridpointsin eachplanar
direction.Thepresentresultsbracketthesolutions
reportedby YuanandDawe[17]andappearto be
convergingtothereferencesolution.Asthenumberof
sandwichelementsthroughthecorethicknessincreases,
thesensitivityto thenumberof integrationpoints
decreases.Theseresultsillustratetheeffectivenessof
theSTAGSsandwichelementformulation.

Dueto thenatureof thisproblemandthediffering
resultsobtainedbyvariousresearchers,twoadditional
studieswereperformedto studytheeffectof theface
sheetmoduliratioandpanelaspectratioonthegeneral
instabilityresponseof asandwichpanel.Resultswere
obtainedusingthesandwichelementmodelingapproach
withfourelementsthroughthecorethickness,andtwo
integrationpointsthroughthethicknessofeachelement.
ResultsforthepresentsquarepanelwithE2/E1 0.058

are shown in Figure 7 along with results for a

rectangular panel with an aspect ratio, a/b, equal to two,

and face-sheet moduli ratio E2/E1 0.058, and for a

square panel with the transverse modulus, E2, doubled

_2/E1 0.116). Results for the square panels with

E2/E1 0.058 and 0.116 are shown by the solid and

dashed lines, respectively, and results for the rectangular

panel are shown by the dotted line. As shown in Figure

7, doubling the ratio of the face-sheet moduli ratio in the

square panel causes an overall increase in the panel

buckling load. Increasing the panel aspect ratio to two,

while holding the face-sheet moduli ratio constant,

results in a variation in the buckling load with face-sheet

fiber angle similar to the variation obtained for a

composite plate with similar material properties and an

aspect ratio greater than one. For this case, the buckling

load increases with an increase in face-sheet fiber angle

up to 25 degrees, and then declines with increase in

face-sheet fiber angle.

Case 2: Rectangular Sandwich Panel

The panel considered has a rectangular planform and is

508-mm long and 254-mm wide (a/b 2). Identical

aluminum face sheets of thickness tf on an aluminum

honeycomb core of thickness hc define the sandwich

panel. Two face-sheet thicknesses are considered in this

study: a thin face sheet with thickness equal to 0.508

mm and a thick face sheet with thickness equal to 2.794

mm. The core thickness is varied from very thin, equal

to the face-sheet thickness, to very thick, approaching

half the panel width. As the core thickness increases,

the buckling response transitions from a general

instability mode to a short wavelength face-sheet-

wrinkling mode. Young's modulus, E, for the

aluminum alloy is equal to 68.95 GPa and Poisson's
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ratiois equalto 0.3.Thehoneycombcorematerialis
treatedashomogeneousisotropicmaterialwithelastic
mechanicalpropertiesgivenin Table1.Comparative
studiesareperformedforaspecificpanelgeometryand
materialdata.Analyticalresultsarecomputedasthe
firstlevelofanalysisfollowingVinson's[20]approach
asimplementedin PANDA2[21].Finiteelement
analysesarealsoconductedusingSTAGS.Finite
elementresultsareobtainedusingfullpanelmodelsand
localstripmodels.All modelingapproachesareusedin
thefull panelmodels,andonlythesandwichelement
modelingapproachisusedinlocalstripmodels.

Inthepre-stresscondition,thesandwichpanelisloaded
byauniformendshortening,Uo, applied to the sandwich

face sheets on the ends of the panel at x 0 and x a (see

Figure 2). For the buckling calculations, the boundary

conditions applied to all grid points along each edge are:

u=u 0andw=0 x=0 z=0 along Edge 1 (x 0);

w=Oy=0 along Edges 2 and 4 (y b and y 0,

respectively); and u =-u 0 andw=0 x =0_ =0 along

Edge 3 (x a). In addition, a point at the center of the

panel has v 0 to remove rigid body motion.

The finite element mesh for the full panel used in the

present study has 81 grid points along the panel length

and 21 grid points across the panel width. This spatial

discretization (1,701 grid points) is held constant during

the parametric studies and is adequate to represent

buckling modes with up to sixteen half-waves along the

panel length and four half-waves across the panel width.

The mesh of 4-node elements (3,200 elements) has four

times the number of elements as the mesh of 9-node

elements (800 elements). A layered shell modeling

approach is attractive when general instability is

anticipated because of the simplicity, ease of modeling

and low computational cost of this modeling approach

as compared to the other modeling approaches.

In the present study, the local strip model with a width

equal to 2.54 mm and 25 sandwich elements through the

core thickness is used to investigate face-sheet

wrinkling. One integration point is used through the

thickness of each sandwich element. The local strip

model has a uniform stress state in the face sheets and

buckling boundary conditions associated with a

symmetric response. For small values of hc/a, the

PANDA2 wrinkling loads correlate well with those from

the STAGS local strip model. For larger values of hJa,

however, the PANDA2 wrinkling loads are much lower

than those predicted by the STAGS model. Apparently

the through-the-thickness assumptions made in

PANDA2 are quite conservative. Based on the

PANDA2 predictions, the core thickness that

corresponds to a transition from a general-instability

mode to a face-sheet-wrinkling mode is approximately

hJa 0.020 for the thin face-sheet case and hJa 0.060

for the thick face-sheet case.

Linear buckling analysis results obtained from the full

panel layered shell models indicate overall panel

buckling regardless of the core thickness and the face-

sheet thickness. In all cases, the buckling mode

corresponds to an overall panel mode with two half-

waves along the length and one half-wave across the

panel width. In addition, the buckling results obtained

using the 410 element are higher than the buckling

results obtained using the 480 shear-flexible element, as

expected. Good correlation between the layered shell

model results and the analytical results from PANDA2

is obtained for sandwich structuJces with a very thin core.

However, the finite element results based on the layered

shell modeling approach quickly tend to deviate from

the analytical results as the core thickness increases for a

given panel length (increasing values of hJa) due to

limitations in the layered shell models for modeling the

core shear behavior and through-the-thickness

flexibility.

Results obtained using the analytical model in

PANDA2, the STAGS local strip wrinkling model, and

the STAGS full panel layered shell/solid model are

compared in Figure 8. PANDA2 wrinkling predictions

are shown by the dotted line, the STAGS wrinkling

model predictions are shown by the dashed line, and the

STAGS full-panel layered shell/solid model predictions

are shown by the symbols. In the layered shell/solid

models, the core material is discretized using either one

or four 27-node solid brick elements through the core

thickness (open symbols and filled symbols,

respectively, in Figure 8). PANDA2 overall panel

buckling results are also shown as a solid curve in

Figure 8. The results shown in Figure 8 indicate that the

transition from an overall panel buckling mode to a

wrinkling buckling mode occurs at a small value of the

core thickness to panel length ratio (hJa). In addition,

these results show excellent agreement between the

PANDA2 wrinkling results and the wrinkling results

obtained with the local strip model for moderately thick

sandwich panels (for ratio of core thickness to face-sheet

thickness less than 50). For panels with a ratio of core

thickness to face-sheet thickness greater than 50,

PANDA2 wrinkling results appear to be conservative, as

a result of an assumed linear displacement response

through the thickness of the core. The local strip model

allows a piecewise linear distribution using 25 sandwich

elements through the core thickness. In addition, the

buckling results summarized in Figure 8 show that for

the thin face-sheet case results obtained using the

layered shell/solid models correlate well with the

analytical results when just a single solid element
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throughthecorethicknessisused.Goodcorrelationis
alsoshownbetweentheresultsobtainedusingthelocal
stripmodelandresultsobtainedusingthelayered
shell/solidmodelwhenfoursolidelementsthroughthe
corethicknessareused.Forthethickface-sheetcase
withtj-2.974 mm and hJa 0.4, the layered shell/solid

models predict a buckling load that is approximately 8%

higher than the buckling load predicted by the local strip

model. The results for tj-2.974 mm and hJa 0.4

indicate that the buckling load predicted by the layered

shell/solid models is converging to 430.03 kN. The

convergent behavior of the layered shell/solid modeling

approach is evident even for short wavelength face-

sheet-wrinkling behavior with only a 2% change

between the buckling load predictions obtained with one

element and four elements through the core thickness.

Similar results for sandwich element models are

summarized in Figure 9. The sandwich element models

have the same discretization as the finite element models

with 4-node quadrilaterals. In these models, the core

material is discretized using either one or four sandwich

elements through the core thickness with "phantom"

face sheets for the intermediate layers (open symbols

and filled symbols, respectively, in Figure 9). Results in

Figure 9 show that for the thin face-sheet case, the

sandwich element models with one integration point

correlate well with the analytical results and with results

obtained using the local strip model. Use of two

integration points through the thickness of each

sandwich element results in a stifler response and higher

buckling loads. Similar trends are observed for the thick

face-sheet cases, However, as the core thickness

increases, this convergent behavior is less evident. For

example, results obtained using one integration point per

layer for the thick face-sheet case and hc/a 0.4, indicate

an increase in buckling load as the number of layers

increases from one to four. Further analyses conducted

using six and eight sandwich elements through the

thickness predict buckling loads of 432.99 kN and

435.31 kN, respectively, thereby indicating a slow

convergence. Use of two integration points per layer

results in a very stiff solution for a single layer model,

and the buckling load is nearly four times the value

predicted with a four layer model. Additional analyses

were performed using six and eight sandwich elements

with predicted buckling loads of 479.28 kN and 461.93

kN, respectively. Again the results appear to be

converging but extremely slowly for the case of two

integration points per layer. These results indicate that

the sandwich element modeling approach, while quite

powerful for modeling large-scale structures exhibiting a

general instability, is not effective in a large-scale sense

for predicting face-sheet-wrinkling buckling modes

unless local strip models are used.

Finally, a limited review of the computational cost

associated with the sandwich element and layered

shell/solid element modeling approaches was performed

for the thin face-sheet case with hJa 0.1. The

sandwich element approach exploits the 4-node C 1 shell

element formulation while the layered shell/solid

element approach is based on the ANS formulation for a
9-node C o shell element and a 27-node solid element.

For a fixed finite element discretization (same number

of grid points) in the plane of the sandwich panel, the

critical buckling load for the sandwich element

modeling approach changes from 52.1 kN to 67.6 kN to

76.8 kN as the number of through-the-thickness layers

increases from one to two to four, respectively.

Similarly, the layered shell/solid modeling approach

gives critical buckling loads that change from 77.7 kN to

75.2 kN to 73.7 kN as the number of through-the-

thickness layers increases from one to two to four,

respectively. Clearly for this wrinkling mode response,

the layered shell/solid modeling approach converges

more quickly than the sandwich element modeling

approach. The advantage of using the sandwich element

modeling approach from a computational cost

perspective decreases as the number of sandwich

element layers increases. The computational effort
associated with a sandwich element model is defined in

terms of the number of through-the-thickness layers

which in turn increases the size of the global stiffness

matrix. The number of equations in the global stiffness

matrix for a model with a single layer of sandwich

elements is approximately 60% of that for a layered

shell/solid model with a single solid element in the core.

As the number of layers of sandwich elements increases,

the number of equations increases proportionally in

addition to the computational effort expended at the

element level. Buckling values obtained using either

approach with four layers through the thickness are

nearly equal. However, the solutions obtained with a

single layer of sandwich elements require only 60% of

the computational effort required to obtain a solution

with a single solid element in the core. Approximately

the same level of solution accuracy is achieved by using

a single solid element in the core of a layered shell/solid

model as is obtained by using four layers of the

sandwich elements. In this case, the computational cost

for the sandwich element modeling approach is over

four times the computational cost of the layered

shell/solid model to achieve equal levels of solution

accuracy. Extrapolation of this cost differential to large-

scale structural panels is not expected to apply because

of solid element aspect ratio limits. However, use of the

sandwich element modeling approach for large-scale

sandwich structures provides an effective means to

determine its general-instability buckling response.
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Conclusions
A comparativestudyofdifferentmodelingapproaches
for predictingsandwichpanelbucklingresponsehas
beenpresented.Thestudyconsideredsandwichpanels
withanisotropicfacesheetsanda verythickcore.
Resultsfromconventionalanalyticalsolutionsfor
sandwichpaneloverallbucklingand face-sheet-
wrinklingtypemodeswerecomparedwithsolutions
obtainedusingdifferentfinite elementmodeling
approaches.Thenumericalanalyseswereconducted
usingtheSTAGSnonlinearfiniteelementcode,andthe
analyticalresultswerecomputedusingPANDA2.
Finiteelementsolutionswereobtainedusinglayered
shellelementmodels,withandwithouttransverseshear
flexibility,layeredshell/solidelementmodels,thatuse
shellelementsforthefacesheetsandsolidelementsfor
the core,and sandwichmodelsusinga recently
developedspecialtysandwichelement.Convergence
characteristicsof theshell/solidandsandwichelement
modelingapproacheswith respectto in-planeand
through-the-thicknessdiscretization,weredemonstrated.

Resultsofthestudyindicatethatthespecialtysandwich
elementformulationimplementedin STAGSprovides
an accurateandeffectivemodelingapproachfor
predictingbothoverallandlocalizedbehavior.This
modelingapproachprovidestheflexibilityformodeling
anentirepanelorformodelinglocaldetailthroughthe
corethickness.Resultsof thestudyindicatethat
transitionfroma generalinstabilitymodeto a short
wavelengthface-sheet-wrinklingmodeoccursasthe
corethicknessisincreased.Modelingfidelitytocapture
bothpossiblemodesmustbe providednearthe
transitionregion.Furthermore,resultsindicatethat
anisotropyofthefacesheets,alongwiththeratioof
principleelasticmoduli,significantlyaffectthebuckling
response,andtheseeffectsmaynotbeaccurately
representedbyanalyticalsolutions.
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Figure1. Photographofthicksandwichpanelsegment.
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Figure 2. Sandwich panel geometry.
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Figure 3. Effect of mesh refinement for sandwich element models for the square sandwich panel with a 30-

degree fiber angle.
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Figure 4. Effect of face-sheet fiber angle on buckling load for layered shell/solid and layered shell models

of the square sandwich panel.
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Figure 5. Contour plots of the out-of-plane displacement component of the buckling mode shape for

different face-sheet fiber angles.
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Figure 6. Effect of face-sheet fiber angle on buckling load for layered shell/solid model and sandwich

element models of the square sandwich panel.
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Figure 7. Effect of face-sheet fiber angle, aspect ratio, and face-sheet elastic modulus ratio (E2/E1) on

buckling load for a sandwich element model of the square sandwich panel.
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Figure 8. Buckling load predictions from analytical model, local strip sandwich element model and full
panel layered shell/solid model.
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Figure 9. Buckling load predictions from analytical model, local strip sandwich element model and full
panel sandwich element model.
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